The initiation of protein synthesis uses initiation factor 2 (IF2) in prokaryotes and a related protein named eukaryotic initiation factor 5B (eIF5B) in eukaryotes. IF2 is a GTPase that positions the initiator tRNA on the 30S ribosomal initiation complex and stimulates its assembly to the 50S ribosomal subunit to make the 70S ribosome. The 3.1-Å resolution X-ray crystal structures of the fulllength Thermus thermophilus apo IF2 and its complex with GDP presented here exhibit two different conformations (all of its domains except C2 domain are visible). Unlike all other translational GTPases, IF2 does not have an effecter domain that stably contacts the switch II region of the GTPase domain. The domain organization of IF2 is inconsistent with the "articulated lever" mechanism of communication between the GTPase and initiator tRNA binding domains that has been proposed for eIF5B. Previous cryo-electron microscopy reconstructions, NMR experiments, and this structure show that IF2 transitions from being flexible in solution to an extended conformation when interacting with ribosomal complexes.
T he synthesis of proteins in prokaryotes is divided into three distinct processes: initiation, elongation, and termination. The initiation of translation in prokaryotes is directed by three initiation factors (IF1, IF2, and IF3) that govern the binding and positioning of the mRNA, as well as the initiator tRNA, and the joining of ribosomal subunits to form a 70S complex that is ready for the elongation stage of protein synthesis.
IF2 is a GTPase that functions to position the initiator tRNA within the 30S ribosomal initiation complex (30S IC) and promotes its joining with the 50S ribosomal subunit to form a 70S ribosome. IF2 is encoded by a single copy of the infB gene and is completely conserved in bacteria (1) . The flexible structure of the N terminus has the largest sequence variability among different species (2) . Variability also exists within a species; for instance, Escherichia coli IF2 has three isoforms, which vary in the length of their N-terminal domain due to three distinct start sites for its translation initiation (1) . The C-terminal part of IF2 (G, II, C1, and C2 domains) contains the highly conserved GTPase domain (G domain) and C2 domain, which interact with the initiator tRNA.
The C2 domain recognizes and protects the formylated Met of the initiator tRNA from hydrolysis (3, 4) . The formylation of Met results in a fivefold increase in the binding affinity of the tRNA and is made in a G-nucleotide-independent fashion (3, 5) . This interaction permits IF2 to assist in positioning the initiator tRNA within a 30S initiation complex and guide the formation of a functional 30S IC on the establishment of the P-site codonanticodon interaction (2, 6, 7) . A functional 30S IC is competent for the 50S ribosomal subunit to join, which is mediated by the formation of the intersubunit salt bridges via an interaction between IF2 and L12 (8) . Once the 50S ribosomal subunit joins, IF2 comes into contact with the GTPase activation center, GTP is hydrolyzed by IF2, and IF2 dissociates from the ribosome (2, 9) .
IF2 is a GTPase homologous to other translational GTPases such as EF-Tu, EF-G, LepA, and RF3 (1) . All translational GTPases use a conserved mechanism for GTP hydrolysis in which switch I, switch II and the P-loop are stimulated through interaction with II and VI domains of the 23S rRNA in addition to L11 and L7/L12 of the large ribosomal subunit (1) . GTP hydrolysis by IF2 causes it to dissociate from the 70S IC and organizes the 70S ribosome for peptide elongation by a rotation of the ribosomal subunits relative to each other (9) (10) (11) . Cryo-EM studies of the 30S and 70S particles have shown that the final function of IF2 before it leaves the ribosome is to position the CCA end of the initiator tRNA near the peptidyl transferase center (6, 7, 9, 10) .
Low-resolution cryo-electron microscopy (cryo-EM) reconstructions have provided structural information about the interactions that govern the initiation process of 70S ribosome assembly in prokaryotes for protein synthesis. No structure from full-length IF2 at atomic resolution has previously been determined. Until recently, the only structural information at atomic resolution on IF2 has been NMR models of four separate domains of IF2 (N, G, C1, and C2) (12) (13) (14) (15) .
The crystal structures of eukaryotic initiation factor 5B (eIF5B) from Methanobacterium thermoautotrophicum have been used to construct a homology model of IF2 to interpret the electron density from cryo-EM reconstructions of the 30S and 70S ICs with IF2 (6, 7, 9, 10) . Small angle X-ray scattering (SAXS) studies of E. coli IF2 domains IV-VI (domains G, II, C1, and C2) indicate that its domains are organized differently compared with eIF5B (16). Allen et al. (10) found that the structure of the E. coli IF2 in their cryo-EM reconstruction of a 70S IC differed significantly with that of the crystal structure of M. thermoautotrophicum guanosine 5′-[β,γ-imido]triphosphateeIF5B.
Significance
Initiation factor 2 (IF2) is a GTPase that functions within the 30S ribosomal initiation complex and promotes its joining with the 50S ribosomal subunit to form a 70S ribosome. The role of IF2 in translation initiation is not well understood. We present an atomic resolution crystal structure of the full-length IF2, and we are able to explain why prokaryotes and eukaryotes have similar proteins with different mechanisms to guide ribosome assembly. We provide a structural explanation for why the mechanism of IF2 is unique among translational GTPases and acts more as a novel conformational switch.
Structural information is important for understanding, first how IF2 influences the position of the initiator tRNA in the 30S and 70S ICs, and second how IF2 facilitates joining of the ribosomal subunits to form a 70S ribosome ready for peptide elongation. We address these aspects here and in a companion paper (17) .
We determined the X-ray crystal structures of Thermus thermophilus IF2 from a full-length protein both with and without GDP bound at 3.09-Å resolution, which improves the model available for interpreting the cryo-EM reconstructions of the 30S and 70S ICs. These two structures exhibit two different conformations of IF2 (in apo and GDP-bound forms), and all of its domains except C2 domain are visible. The initial molecular replacement solution was determined by using a homology model based on an NMR model of the G domain from Geobacillus stearothermophilus (PDB ID code 2LKD) and aligned with the G2 and G3 domains (IF2 G and II domains) of LepA from Aquifex aeolicus (PDB ID codes 2YWE, 2YWF, 2YWG, and 2YWH). While this work was being completed, a crystal structure of the first 363 residues of the T. thermophilus IF2 was determined and that model was then used as an improved search model for molecular replacement (18) .
This structure of IF2 determined of residues 3-467 exhibits a different 3D organization compared with the homologous domains of eIF5B. We conclude that the organization of the IF2 domains indicates that the communication between the GTPase domain and initiator tRNA binding domain cannot be explained by the "articulated lever" mechanism proposed previously for eIF5B. This difference in domain organization appears to reflect different functions of the two proteins in translation initiation between prokaryotes and eukaryotes. Our crystal structure of isolated IF2 shows that IF2 is unique among crystal structures of isolated translational GTPases because the effecter domains do not directly contact or form a stable interaction with the switch II region of the GTPase domain.
Results

Domain
Organization. Most biochemical studies of IF2 have involved E. coli isoforms IF2-α (E. coli domains I-VI, full length) or the more universally conserved IF2-β and -γ (E. coli domains III-VI, lacking N1 and N2). Previous structural studies of IF2 have used a model centered on the crystal structure of eIF5B, which contains only the homologous G, II, C1, and C2 domains from bacteria. The crystal structure of IF2 from T. thermophilus discussed here has a refined model including residues 3-467 of 4 molecules of IF2 two GDP molecules and 17 water molecules (Table 1) .
Overall Structure. The structure of IF2 bears a resemblance to beads on a string, rather than exhibiting a chalice shape like eIF5B. IF2 is likely to only adopt a stable and ordered conformation when interacting with the ribosome, because it is known to be a flexible protein. The structure presented here demonstrates that long helices confer the element of flexibility. The overall dimensions of IF2 in the crystal are 65 × 88 Å for IF2 with GDP bound and 82 × 95 Å for apo IF2. For reasons discussed later, the overall dimensions of IF2 in a functional active state bound to the 30S ribosomal subunit are significantly larger.
N Domain. The N-terminal domain (N domain) is composed of a small, two-helix bundle that folds back onto a long extended helix (helix 3), which connects the N-terminal domain to the GTPase and G2 domains (G and II domains). The N domain, including helix 3, functions in enhancing the interaction of IF2 with the 30S and 50S ribosomal subunits (17, 19, 20) . Alignment of the G domains of IF2 (G and II domains) with that of EF-Tu in complex with the 70S ribosome (PDB ID codes 2WRN and 2WRO) shows that helix 3 from the N-terminal domain of IF2 in the crystal is oriented into the solvent away from the 70S ribosome (21) . The position of the N-terminal domain in the crystal is likely influenced by crystal packing.
The cryo-EM reconstruction model of the E. coli 30S IC positions the N-terminal domain close to the A-site and near IF1, whereas this is not the case for T. thermophilus (7, 17) . The N-terminal domain can be significantly longer in nonthermophilic bacteria, and IF1 and IF2 interact with each other in the 30S IC, whereas the IF1 and IF2 interaction has been debated in T. thermophilus (22) . The relative position of the G domain may change from the 30S IC to the 70S IC conformation on 50S subunit joining. This change may cause the N-terminal domain to lose some contacts with the ribosome and move into the solvent contributing to IF2 adopting a "ready-to-leave" conformation seen elsewhere (9) .
Conserved GTPase Domains G and II. The fold of the GTPase domain of IF2 is similar to other G proteins that contain sixstranded β-sheets enclosed by four α-helices (23) . Two of the copies in the asymmetric unit contain bound GDP but do not have switch I and II visible, which is consistent with the general finding that switch II becomes ordered and adopts a helical conformation or is reordered when GTP is bound and interacts specifically with the γ-phosphate, but is either disordered or has a different conformation when bound to GDP (23). GDP was not added, but was carried through from protein purification. Alignment of the G domains of EF-Tu (PDB ID code 1EXM) on the apo conformation of IF2 shows that the switch II structure in EFTu would be hindered by the packing of a C1 domain from a neighboring molecule of IF2 bound to GDP (Fig. 1) (24) . Therefore, it appears that switch II is disordered and prevented from forming a helical or other ordered structure because of the packing constrains on the C1 domain in the crystal. This packing also explains why our experiments to obtain IF2 crystals in complex with GTP by soaking or cocrystallization were unsuccessful. Based on the crystal structure alone, it is not apparent why GDP would bind to one conformation of IF2 in the asymmetric unit and not to the other conformation. We see different orientations of side chains when the polypeptide backbone of the GDP binding regions of the two conformations are superimposed, but at this resolution and accuracy, we cannot explain how these changes cause the different conformations of the domains. Although there is adequate space in the crystal for GDP to bind to the apo-form, soaking the crystals with up to 10 mM GDP did not cause GDP to bind the apo conformation of IF2. Therefore, we conclude that because four copies of the conformation of the GDP-bound IF2 cannot exist in the present crystal form, the structural changes that would happen in the GDP binding pocket on GDP binding are precluded from occurring within the conformation of apo IF2 in the crystal.
Helix 8 and C1 Domain. The IF2 crystal structure shows two distinct orientations of the C1 domain among the four copies in the asymmetric unit. The two copies of IF2 bound to GDP are compact, and the C1 domain packs against residues 163-170 and 200-209 of domain II. The two copies of apo IF2 are fanned out into an extended conformation and pack around residues 140, 170, 282, and helix 8 between domain II and the C1 domain of a symmetry mate. The difference between the two conformations exists in helix 8, which connects the II and C1 domains. The particular conformation appears to be influenced by crystal packing but demonstrates the flexibility of the helix 8 region. In the crystal, helix 8 in the structure of IF2 bound with GDP would sterically clash with helix 8 of a second molecule of the IF2 bound with GDP if the helix 8 of either was further extended. This steric clash is prevented by a turn that occurs at residue 360.
A steric clash would also exist in the IF2 structure of the apo form if helix 8 was continuous from residues 330-366, but the bend in helix 8 is different. A clash with the second copy of the apo IF2 form is averted by a turn at residue 352. The region reforms as an α-helix at residue 358 and completes three helical turns before the C1 domain, indicating a propensity for almost the entire region of residues 330-366 of IF2 to form an α-helix.
Helix 8 is a major structural and functional component, as this helix appears to be flexible while also serving as the link between GTP hydrolysis and the C1 and C2 domains, the latter interacting directly with the initiator tRNA.
Discussion
Flexibility of Helix 8 and Domain C1 in IF2 Is Supported by the Cryo-EM Reconstructions. NMR experiments and cryo-EM reconstructions support a model where IF2 is less flexible when interacting with ribosomal complexes (6, 7, 9, 10, 13) . Cryo-EM reconstructions of 30S and 70S ICs with IF2 bound show the overall structure of IF2 when it is bound to the ribosome with some noticeable differences (6, 7, 9, 10). Simonetti et al. 
We expect that helix 8 and domain C1 are stabilized by the C2 domain interacting with the formylated initiator tRNA in the ribosome. The orientation of the C2 domain, which is not visible in our crystal structure, indeed extends further from the C1 domain in solution and on the 30S, as shown by SAXS and cryo-EM (17) . The bend in helix 8 occurs at two different locations in the two IF2 conformations within the crystal.
We believe that in solution, helix 8 of IF2 samples numerous conformations and may not directly be affected by the absence or presence of GTP or GDP. The differences in C1 positions between the GDP·IF2 and apo IF2 forms seen in the crystal and the models determined from cryo-EM are shown in Fig. 2 .
Comparison of IF2 with the eIF5B Structure. The eIF5B and IF2 models demonstrate conservation among domains as expected (25) . The G domain and the II, III, and IV domains of eIF5B correspond to the G, II, C1, and C2 domains of IF2, respectively. Minor differences between IF2 and eIF5B exist in the G domain, with two expansion segments being found in eIF5B (17) . The loop connecting strands 2 and 3 contains an 18 residue expansion segment with three short helices, and a 32 residue expansion segment exists between β strands 5 and 6.
Two major differences in the domain organization of IF2 and eIF5B are apparent. First, the most well known is the presence of the variable N-terminal domain that is absent in M. thermoautotrophicum eIF5B. Other eukaryotes such as Saccharomyces cerevisiae and Homo sapiens have N-terminal domains that can be several hundred residues in length (26) . The second, and more unexpected, is the effect of the length in the helix (24 residues longer than its equivalent in eIF5B) that connects the II and C1 domains of IF2 compared with the helix that connects the II and III domains of eIF5B (Fig. 3) .
A result of the second difference is that in the crystal structures of these isolated factors, the G domain and switch II in the apo and GDP-bound forms of IF2 do not contact the C1 domain of IF2 as they do in the homologous domain III of eIF5B. In eIF5b, GTP hydrolysis on the G domain is proposed to be communicated to the C terminus using an articulated lever mechanism that involves domain III rotating with respect to the G domains and changing the direction of the long helix (25) . Domain III rotates with respect to the G domains because switch II becomes ordered or disordered when bound to GTP or GDP, respectively. Switch II in the G domain of IF2 does not contact the C1 domain in the isolated crystal structure because the longer length of helix 8 decouples the possibility of the G domain being able to communicate the state of G-nucleotide bound to the C2 domain through switch II. This change in the length of helix 8 alters how the C1 domain interacts with the G domain in the context of IF2 crystal structure compared with the eIF5B crystal structure and raises questions about how GTP hydrolysis signal is communicated via switch II to the C1 domain in IF2. These dynamic regions are reorganized in the context of the ribosome as seen from the cryo-EM models in Fig. 2 . These differences are sizable compared with the movement of 4.6 Å in the C terminus between Apo, GDP, and GTP forms of eIF5B (26) . These differences mean eIF5B and IF2 do not use the same articulated lever mechanism because of the different arrangement of their domains.
In our structure, the helix connecting the C1 and C2 domains becomes disordered at residue 468, which is a conserved glycine that lies in the middle of the equivalent helix (H12) in eIF5B. It is probable that this region becomes ordered when IF2 is bound to the ribosome and initiator tRNA is present. Furthermore, it is of note that there are five fewer residues between the C1 and C2 domains of IF2 compared with domains III and IV of eIF5B, based on the sequence length between the conserved domains. The shorter length connecting the C1 and C2 domains may explain the report of no trypsinization between the C1 and C2 domains in IF2 (16). These results mean that IF2 does not have the chalice structure exhibited by eIF5B, and the mechanism of communication between GTP hydrolysis and initiator tRNA binding is different.
Mechanism of IF2 Appears to be Unique Among the Translational
GTPases of Prokaryotes. Most biochemical studies of IF2 have proposed that IF2 behaves as a classical GTPase. IF2 is active when bound to GTP, carrying out its function as the steps of hydrolysis transpire; it is inactive in its GDP-bound form and exchanges GDP for GTP in solution without using an additional protein called a nucleotide exchange factor (27, 28) . One wellcharacterized example is EF-Tu. EF-Tu forms a complex with GTP and aminoacyl tRNA and binds to the ribosome, and on codon-anticodon recognition, GTP is hydrolyzed; EF-Tu then releases the aminoacyl tRNA for its accommodation in the A-site, and the EF-Tu complex with GDP dissociates from the ribosome. EF-Tu is an example of a classical GTPase that requires the protein EF-Ts, a nucleotide exchange factor, for efficient GDP/GTP exchange in solution.
Recently, a second hypothesis for the mechanism of IF2 has been proposed in which IF2 acts as a conformational switch (29) . A theory of conformational switching has also been proposed for two other prokaryotic translational GTPases EF-G and RF3 (29) . In the GDP-bound form, these proteins bind to specific functional states of the ribosome (30, 31) . The specific functional state of the ribosome acts as a nucleotide exchange factor for GDP to be replaced with GTP by a conformational change in the domains of the GTPase (30, 31) . According to the model, changes occurring in the ribosome conformation because the new GTP-bound conformation of the GTPase favors GTP hydrolysis and only then is GTP hydrolyzed to produce a complex of GDP·EF-G or GDP·RF3 (30, 31) . The ribosome is in a new functional state that has lower affinity for the GDP-bound GTPase, which dissociates from the ribosome (30, 31) .
IF2 shares features with EF-Tu, EF-G, and RF3. All of these translational GTPases require GTP hydrolysis to quickly dissociate from the ribosome. GTP analogs, such as Guanosine 5′-[β,γ-imido] triphosphate and β,γ-Methyleneguanosine 5′-triphosphate, or mutations that eliminate GTPase activity will hinder the dissociation of factors from the ribosome (30) (31) (32) (33) . However, IF2 differs from EFTu, EF-G, and RF3 in a few respects. First, IF2 may not need a nucleotide exchange factor (23, 30, 31, 34) . Second, and more unusual, IF2 has been shown to carry out its two functions, positioning initiator tRNA and joining subunits, in a G-nucleotideindependent method and even without a G-nucleotide (5, 28, 33, 35) . IF2 is the only one of these GTPases used in translation that does not have currently published atomic resolution data (crystal structure or NMR) showing direct contact between the functional domain and the switch II region of its GTPase domain (Fig. 4) .
Whether interactions between IF2 and initiator tRNA take place independently or only in the presence of the 30S ribosomal subunit or the 70S ribosome has been debated for decades (3, 6, 34, (36) (37) (38) . The stability of IF2 on the 30S subunit is strongest in the presence of both initiator tRNA and GTP, and the binding of GTP to IF2 is strongest in the presence of initiator tRNA and 30S ribosomal subunits (33, 35) . It has also been shown that the fastest transition from a 30S ribosomal initiation complex to a 70S ribosome ready for peptide elongation is when IF2 bound with GTP is used (33, 35, 37) .
Because the interaction of IF2 and initiator tRNA is strongest in the presence of the 30S ribosomal subunit, it is not GDP or GTP but the 30S ribosomal subunit that facilitates IF2 to interact with the initiator tRNA (6, 7) . To fit IF2 into its ascribed electron density within the cryo-EM reconstructions, IF2 needs to make two contacts: the first contact is with the initiator tRNA, and the second is between domain II and a region of the 16S rRNA of the 30S ribosomal subunit. Both contacts require helix 8 to be in an elongated conformation. GTP-bound IF2 provides stability based on kinetics experiments listed above; again, GTP is not required as it is for EF-Tu, EF-G, and RF3 function. IF2 is not a classical GTPase and acts more as a conformational switch, although IF2 is not a conformational switch like EF-G and RF3 have been proposed to be. IF2 functions better with GTP but does not require it, and IF2 does not have an identified nucleotide exchange factor. One important structural question to be addressed is as follows: What is the significance of a nucleotide bound to IF2 in ribosomal complexes? To get a complete picture of the mechanism, higher-resolution structural information is needed on 30S and 70S ICs with IF2.
Conclusions
The structure of T. thermophilus IF2 that has been determined here shows that much of the structural flexibility in IF2 previously described by other experiments is achieved through helices 3 and 8. The most important mechanistic consequences of these two helices is helix 8, which does not allow for the GTP hydrolysis in domain II to be communicated to the C2 domain that contacts the initiator tRNA. The longer length of this helix is an important difference compared with eIF5B, where GTP hydrolysis is communicated to the C terminus using an articulated lever mechanism. This same mechanism cannot exist in both eIF5B and IF2 because of the differences in the lengths of these helices. These differences in helix length lead to alterations in domain contacts and therefore fundamentally change or eliminate the method of domain communication of GTP hydrolysis via switch II to the C2 domain via C1.
Helix 8 is bent at two different places in the four molecules in the asymmetric unit of the crystal structures determined here. To be consistent with the cryo-EM reconstructions of 30S and 70S ICs, IF2 needs to have helix 8 act as a mobile structural element and not as in the specific static conformation seen in the crystal.
The determined crystal structure of IF2 provides structural reasoning as to why IF2 interacts with initiator tRNA independent of a G-nucleotide and is most stable in the presence of the 30S ribosomal subunit. As previously suggested, the 30S ribosomal subunit is largely what facilities the interaction between IF2 and the initiator tRNA. IF2 does not behave as a classical GTPase and acts more as a conformational switch that is heavily influenced by interactions with the initiator tRNA, the 30S ribosomal subunit, and the 70S ribosome.
Materials and Methods
All chemicals except for those listed were bought from Sigma-Aldrich. Oligonucleotides and the Quikchange mutagenesis kits were purchased from Integrated DNA Technologies and Agilent, respectively. Crystallization screens were bought from Hampton Research and Qiagen. DNA sequencing was performed at the Keck Foundation Research Biotechnology Laboratory (Yale University).
Plasmid pET30b with an IF2 clone from Thermus thermophiles HB8 was obtained from A. E. Dahlberg (Brown University, Providence, RI). Quikchange mutagenesis was performed to generate mutants according to the manufacturer's guidelines. E. coli BL21(DE3) cells (Stratagene) transformed with the pET30b IF2 construct were grown at 37°C in Luria Broth medium in the presence of 34 mg/L kanamycin to an absorbance at 600 nm of 0.5-0.7 before induction with 1 mM isopropyl-β-D-thiogalactopyranoside. Cells were grown for an additional 4 h before harvesting. The harvested cells were lysed, heat treated for 20 min at 65°C, clarified by ultracentrifugation, and filtered. Ammonium sulfate was added to the sample (final concentration of 1 M) and then loaded onto a phenyl Sepharose column (GE Heathcare). After a reverse gradient of ammonium sulfate (1-0 M), the IF2-containing fractions were pooled, concentrated, and loaded onto a HiLoad 26/60 Superdex 200 column (GE Heathcare) equilibrated in 30 mM Hepes KOH (pH 7.5), 10 mM MgCl 2 , 30 mM NH 4 Cl, 1 mM EDTA NaOH, and 1 mM β-mercaptoethanol. The purified IF2 fractions from the gel-filtration column were again pooled and concentrated by ultrafiltration at a 10-kDa cutoff (Millipore) to 50-70 mg/mL as determined by Abs 280 (39) . IF2 was flash-frozen in liquid nitrogen in small aliquots and stored at −80°C until further use in crystallization experiments.
Crystallization. WT IF2 crystallized as clusters of needles and rods and initially grew within 2 wk by vapor diffusion using a 1:1 ratio of 15 mg/mL IF2 to a well solution containing 0.2 M calcium acetate, 0.1 M Na cacodylate, pH 6.5, and 18% (wt/vol) PEG 8000. The crystals of WT and the T17C mutant (originally designed for phasing attempts with heavy atom derivatives) were improved by adjusting the well solution concentrations to 0.1 M calcium acetate, 0.04 M Na cacodylate, pH 5.4, 8% (wt/vol) PEG 8000, 10-30 mM glycl-glycine, and 10-30 mM taurine, and adjusting the ratio to 4:1 of 25 mg/mL IF2 to well solution. Rod-shaped crystals from clusters (WT and T17C) with dimensions 
